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SAG-9 progress report

• Current context with: SAG9, STDT-C, STDT-S, SDT, ACWG
• SAG9 has refocused on three areas
‣ Radial Velocity Complementarity with imaging
‣ Cross-Validation of Design Reference Missions
‣ Overlap of Probes/AFTA with JWST and Ground-based Imaging

• Actions from SAG9 discussion at ExoPAG-8 in Denver (Oct 2013) - 
these actions have been completed: 
‣ cross-validate ETC calculations
‣ clarify impact of detector noise, implement EMCCD
‣ explore various parameters (Resolution, efficiency, IWA)
‣ establish Design Reference Missions
‣ evaluate impact of mission start date on DRM
‣ evaluate maximum science metric
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Near-Future ExAO Instruments and Possible Future Instruments
Approximate Timescales

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

VLT + SPHERE

8m Class
Gemini + GPI

8m Class
LBT/AO

Subaru/ScExAO

GMT/ExAO?

30m Class

TMT/ExAO?

30m Class
EELT/EPIC

EELT/METIS

HST

Space

JWST

Space

WFIRST-2.4m Coron?

Probe-class Off-Axis 
Mission?

Young jovian planets: detection + spectroscopy  Young jovian planets: detection + spectroscopy  Young jovian planets: detection + spectroscopy  Young jovian planets: detection + spectroscopy  Young jovian planets: detection + spectroscopy  Young jovian planets: detection + spectroscopy  Young jovian planets: detection + spectroscopy  (1–1.6 μ(1–1.6 μm)

Young jovian planets: detection + spectroscopy Young jovian planets: detection + spectroscopy Young jovian planets: detection + spectroscopy Young jovian planets: detection + spectroscopy Young jovian planets: detection + spectroscopy Young jovian planets: detection + spectroscopy Young jovian planets: detection + spectroscopy (1–1.6 μ(1–1.6 μm)

Young + Older Super-jupiters: detection + photometry Young + Older Super-jupiters: detection + photometry Young + Older Super-jupiters: detection + photometry Young + Older Super-jupiters: detection + photometry Young + Older Super-jupiters: detection + photometry Young + Older Super-jupiters: detection + photometry Young + Older Super-jupiters: detection + photometry (1–5 μ(1–5 μm)

Super-jupiters: detection + photometrySuper-jupiters: detection + photometrySuper-jupiters: detection + photometrySuper-jupiters: detection + photometrySuper-jupiters: detection + photometry (1–2 Super-jupiters: detection + photometry (1–2 μm)

No approved concept;
Super-earths?

No approved concept;
Super-earths?

No approved concept;
Super-earths?

No approved concept;
Super-earths?

No approved concept;
Super-earths?

No approved concept;
Super-earths?

HZ low-mass planets, few Earth analogs,  
old GPs in reflected light 

HZ low-mass planets, few Earth analogs,  
old GPs in reflected light 

HZ low-mass planets, few Earth analogs,  
old GPs in reflected light 

HZ low-mass planets, few Earth analogs,  
old GPs in reflected light (1–1.7 μ

HZ low-mass planets, few Earth analogs,  
(1–1.7 μm)

MIR imaging spectroscopy of disks and MIR imaging spectroscopy of disks and 
planets

MIR imaging spectroscopy of disks and 
planets (3–10 μ

MIR imaging spectroscopy of disks and 
 (3–10 μm)

MIR imaging spectroscopy of disks and 

Photometry of exceptionally bright Photometry of exceptionally bright 
super-jupiters  

Photometry of exceptionally bright 
super-jupiters  

Photometry of exceptionally bright 
super-jupiters  (1–1.7 μ

Photometry of exceptionally bright 
(1–1.7 μm)

Photometry of exceptionally bright 

Young GPs + Few Older Jovian planets (2 M
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

Young GPs + Few Older Jovian planets (2 M
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

Young GPs + Few Older Jovian planets (2 M
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

Young GPs + Few Older Jovian planets (2 M
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

Young GPs + Few Older Jovian planets (2 M
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

Young GPs + Few Older Jovian planets (2 M
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

Young GPs + Few Older Jovian planets (2 MJ at 4pc):  detection + LR/MR 
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

 at 4pc):  detection + LR/MR 
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10

 at 4pc):  detection + LR/MR 
spectroscopy. Disk Imaging + MR spectroscopy;  IWA 0.5” 10-5     

 at 4pc):  detection + LR/MR 
-5     (1–5 μm)

 at 4pc):  detection + LR/MR 
m)

Jupiter analogs and disks, RV planets,Jupiter analogs and disks, RV planets,
Imaging+Spectra, 

10-9  IWA 0.1” 

Jupiter analogs and disks, RV planets,
Imaging+Spectra, 

10-9  IWA 0.1” 

Jupiter analogs and disks, RV planets,
Imaging+Spectra, 
  IWA 0.1” (0.3–1 μm);

Jupiter analogs and disks, RV planets,
Imaging+Spectra, 

(0.3–1 μm);

Jupiter analogs and disks, RV planets,

Jupiter analogs; Disks and some RV planets, Jupiter analogs; Disks and some RV planets, 
Imaging+LR Spectra, 10

IWA 0.1”–0.3”   

Jupiter analogs; Disks and some RV planets, 
Imaging+LR Spectra, 10

IWA 0.1”–0.3”   

Jupiter analogs; Disks and some RV planets, 
Imaging+LR Spectra, 10-9–10

IWA 0.1”–0.3”   (0.3–1 μm)

Jupiter analogs; Disks and some RV planets, 
-9–10-10  

(0.3–1 μm)

Jupiter analogs; Disks and some RV planets, 

EXOPAG / SAG9                                                                                                                                                                                 Daniel Apai (U Arizona)



Maximum science metric
• Target list of 15 RV planets with a(1+e)/d<0.2” (9 for 0.274”)
• Assumes a limiting delta magnitude of 22.5
• zero operations considerations (exposure times, observing constraints
• This has a 3year mission limit built in (will be redone for 6 years)
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Table 1. The input catalog of RV exoplanets. 
 

 
 
 
Notes: The stellar magnitudes (mags) are in I band, d is the stellar distance in parsec, a is 
the semimajor axis in AU, T is the period in days, ε is the eccentricity, ω is the argument 
of periapsis, and T0 is the Julian date of a periapsis minus 2,447,000. 
 
 
Table 2. Exposure time τ in days. 
 

 
 

 
 
 

mag d a T e w T0 aH1+eLêd
epsilon Eri b* 2.78 3.22 3.38 2500. 0.25 6. 1940. 1.312
47 UMa c* 4.34 14.06 3.57 2391. 0.10 295. 5441. 0.279
mu Ara c* 4.35 15.51 5.34 4206. 0.10 58. 5955. 0.378
55 Cnc d* 5.03 12.34 5.47 4909. 0.02 254. 6490. 0.452
upsilon And d 3.51 13.49 2.52 1278. 0.27 270. 6938. 0.237
14 Her b 5.68 17.57 2.93 1773. 0.37 23. 4373. 0.229
HD 154345 b 5.96 18.59 4.21 3342. 0.04 68. 5831. 0.237
HD 39091 b* 4.98 18.32 3.35 2151. 0.64 330. 820. 0.300
HD 190360 b* 4.91 15.86 3.97 2915. 0.31 13. 6542. 0.329
HD 87883 b* 6.57 18.21 3.58 2754. 0.53 291. 4139. 0.301
GJ 832 b* 6.43 4.95 3.40 3416. 0.12 304. 4211. 0.769
HD 217107 c* 5.35 19.86 5.33 4270. 0.52 199. 4106. 0.408
HD 134987 c 5.71 26.21 5.83 5000. 0.12 195. 4100. 0.249
GJ 849 b 8.19 9.10 2.35 1882. 0.04 355. 4488. 0.269
GJ 179 b 9.40 12.29 2.41 2288. 0.21 153. 8140. 0.238

h 0.30 0.05
R 20 50 20 50

epsilon Eri b 0.57 1.44 3.53 9.21
47 UMa c 2.54 6.55 16.79 48.89
mu Ara c 2.58 6.65 17.07 49.79
55 Cnc d 5.17 13.61 36.54 116.29
upsilon And d 1.13 2.88 7.14 19.34
14 Her b 10.37 28.20 80.37 282.50
HD 154345 b 14.33 39.62 116.40 428.04
HD 39091 b 4.90 12.89 34.46 108.89
HD 190360 b 4.54 11.89 31.61 98.84
HD 87883 b 30.14 87.02 274.12 1104.95
GJ 832 b 25.28 72.23 223.92 884.87
HD 217107 c 7.26 19.39 53.53 178.76
HD 134987 c 10.71 29.16 83.34 294.30
GJ 849 b 316.21 1021.54 3745.44 17680.52
GJ 179 b 2425.58 8207.00 31697.84 156394.22

Table 3. Cmax and N̂max .  
 

 
 
 
 
 
 
 
 
 
Table 4. Maximal merit function or information rate (planets per day of exposure time) 
 
 

 
 
Note: Merit functioned defined as   
 

IWA 0.200¢¢ 0.274¢¢

epsilon Eri b 1.000 1.000
47 UMa c 1.000 0.000
mu Ara c 1.000 1.000
55 Cnc d 1.000 1.000
upsilon And d 0.167 …
14 Her b 1.000 …
HD 154345 b 1.000 …
HD 39091 b 0.263 0.262
HD 190360 b 0.172 0.000
HD 87883 b 1.000 0.000
GJ 832 b 0.355 0.362
HD 217107 c 0.069 0.008
HD 134987 c 0.002 …
GJ 849 b 1.000 …
GJ 179 b 1.000 …

N
`
max 10.028 3.632

IWA 0.200" 0.274"
h 0.30 0.05 0.30 0.05
R 20 50 20 50 20 50 20 50

epsilon Eri b 1.7456 0.6929 0.2837 0.1086 1.7456 0.6929 0.2837 0.1086
47 UMa c 0.3933 0.1527 0.0596 0.0205 … … … …
mu Ara c 0.3872 0.1503 0.0586 0.0201 0.3872 0.1503 0.0586 0.0201
55 Cnc d 0.1936 0.0735 0.0274 0.0086 0.1936 0.0735 0.0274 0.0086
upsilon And d 0.1488 0.0587 0.0236 0.0087 … … … …
14 Her b 0.0964 0.0355 0.0124 0.0035 … … … …
HD 154345 b 0.0698 0.0252 0.0086 0.0023 … … … …
HD 39091 b 0.0543 0.0207 0.0077 0.0024 0.0544 0.0207 0.0077 0.0024
HD 190360 b 0.0374 0.0142 0.0054 0.0017 … … … …
HD 87883 b 0.0332 0.0115 0.0036 0.0009 … … … …
GJ 832 b 0.0106 0.0037 0.0012 0.0003 0.0105 0.0037 0.0012 0.0003
HD 217107 c 0.0097 0.0036 0.0013 0.0004 0.0008 0.0003 0.0001 0.0000
HD 134987 c 0.0002 0.0001 0.0000 0.0000 … … … …
GJ 849 b … … … … … … … …
GJ 179 b … … … … … … … …

 Cmax /τ

Credit: Bob Brown



Design reference missions (DRMs)

• Science Metric: number of RV planets characterized by the mission
• Merit function for the DRM: information rate, i.e. net completeness 

per unit time. 
‣ about 30 parameters included in the merit function 

- IWA, Resolution, detector parameters, telescope diameter, sharpness, 
albedo, radius of planet, etc.

‣ At each step in the DRM the merit function is calculated with remaining 
planets in play

‣ Next target scheduled has the highest merit function

• a DRM is the complete list of observations, exposure times, science 
metric

• DRM here presented for the case of AFTA 
‣ IWA of 3 or 4 lambda/D at 800nm
‣ limiting delta magnitude 22.5 (1E-9) , raw contrast: 1E-8
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HD 190360 b

semimajor axis a 3.973 au
eccentricity e 0.313105

argument of periapsis ws 12.9274 degrees
period P 2915.04 days

day of periapsis T0 2.45354¥106 julian day
ascending node W 0. degrees

aH1+eLêd 0.329 arcsec
HD 190360

right ascension a 20.0603 hours
declination d 29.8981 degrees

ecliptic longitude f 312.6 degrees
ecliptic latitude q 48.9 degrees

distance d 15.86 parsec
magnitude mag 4.90838

Instrument

aperture diameter D 2.4 meters
inner working angle IWA 0.2 arcsec

scattered light z 1.¥10-8
sharpness Y 0.04

solar avoidance g1 45. degrees
antisolar avoidance g2 180. degrees

end-to-end efficiency h 0.3
read noise s 2 counts êread
dark noise u 0.001 countsêsec

Observations

limiting delta magnitude Dmag0 22.5
bandpass filter I

central wavelength l0 800 nm
spectral resolving power R 100.

readout cadence TR 3600
number of rolls q 2

signal-to-noise goal SêNgoal 10
Miscellaneous

planetary radius R 1. jovian radii
geometric albedo p 0.5
phase function F Lambert
zodaical light Z 3. zodis

calibration of 1.0 zodi magz 23. magnitudes arcsec-2

flux of mag = 0 F0 4885. photons cm-2 nm-1 s-1
date of vernal equinox 2020 Mar 20 universal time
day of vernal equinox 2458928.66 julian day

Merit

current date 2020 Jan 01 universal time
current day 2458849.500 julian day

time from vernal equinox -79.16 days
pointing permitted? Yes

completeness SVP&OC 0.155
exposure time t 25.61 days

net completeness 0.155
merit function 0.006 net completeness per day

Example for a particular star (I)

Credit: Bob Brown



Example for a particular star (II)
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Figure 1. Details for the observation of 14 Her b in the 4th row of the typical DRM, 
presented in Table 3. Upper left: yellow dot is the star on the celestial sphere in ecliptic 
coordinates, showing that the observation is not restricted by solar avoidance. The thick 
black line is the extent of the exposure—28.2 days. Bottom left: the output sample of 
delta magnitude (Δmag) and apparent separation (s) in a Monte Carlo experiment to 
determine the completeness of this observation: green is detectable, red is undetectable. 
Bottom right: the input sample of 10,000 random values of inclination and time during 
the hypothetical exposure. Upper right: the output sample displayed as a two-dimensional 
spread of astrometric position of the planet, with the color indicating Δmag); black ring: 
IWA, blue ring: a(1+ ε)/d; key: Δmag0: limiting delta magnitude of the observation, 
which was always Δmag0=22.5 for this study. 
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Credit: Bob Brown



Merit function example

• Example form a typical DRM at a given step in the DRM 
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Table 2. Results for R = 20. Total net completeness is 4.8, which is the expectation value 
of the number of successful spectra (S/N = 10 in I band) that could be obtained by six 
AFTA telescopes observing six RV planets in parallel—the only ones possibly 
observable starting on January 1, 2013. (I have thrown out HD 217107.) The total 
observing time would be 57 days. The shortest exposure time would 0.57 days, for 
epsilon Eri b; the longest would be 30.1 days, for HD 87883. 
 
 
 
 

 
 
Table 2. Results for R = 100. Total net completeness is 3.7, which is the expectation 
value of the number of successful spectra (S/N = 10 in I band) that could be obtained by 
five AFTA telescopes observing four RV planets in parallel—the only ones possibly 
observable starting on January 1, 2013. (I have thrown out HD 190360.) The total 
observing time would be 138 days. The shortest exposure time would 2.9 days, for 
epsilon Eri b; the longest would be 92 days, for HD 154345. 
 

RV
exoplanet SVP&OC

texpHdaysL pointing
permitted?

net
completeness

meritHdays-1L comment
GJ 832 b 0.3339 25.2814 No 0. 0. nonperformer: pointing temporarily disallowed
14 Her b 0. 10.3723 Yes 0. 0. nonperformer: totally obscured
GJ 849 b 0.9906 316.207 No 0. 0. nonperformer: pointing permanently disallowed

HD 217107 c 0.0045 7.25702 Yes 0.0045 0.000620089 very weak performer
HD 39091 b 0. 4.90139 Yes 0. 0. nonperformer: totally obscured
epsilon Eri b 1. 0.572872 Yes 1. 1.74559 top performer
HD 154345 b 1. 14.3254 Yes 1. 0.0698059 weak performer

mu Ara c 1. 2.58249 No 0. 0. nonperformer: pointing temporarily disallowed
47 UMa c 1. 2.54281 Yes 1. 0.393265 modest performer

HD 134987 c 0. 10.7077 Yes 0. 0. nonperformer: always too faint
55 Cnc d 0.6433 5.16599 Yes 0.6433 0.124526 modest performer
GJ 179 b 0.3272 2425.58 No 0. 0. nonperformer: pointing permanently disallowed

HD 87883 b 1. 30.1448 Yes 1. 0.0331732 weak performer
HD 190360 b 0.1655 4.53514 Yes 0.1655 0.0364928 weak performer
upsilon And d 0. 1.13461 Yes 0. 0. nonperformer: totally obscured

RV
exoplanet SVP&OC

texpHdaysL pointing
permitted?

net
completeness

meritHdays-1L comment
GJ 832 b 0.249 174.564 No 0. 0. nonperformer: pointing temporarily disallowed
14 Her b 0. 63.9491 Yes 0. 0. nonperformer: totally obscured
GJ 849 b 0.6255 2813.17 No 0. 0. nonperformer: pointing permanently disallowed

HD 217107 c 0.0055 42.9424 No 0. 0. very weak performer
HD 39091 b 0. 27.8751 Yes 0. 0. nonperformer: totally obscured
epsilon Eri b 1. 2.92293 Yes 1. 0.342123 top performer
HD 154345 b 1. 91.9282 Yes 1. 0.0108781 weak performer

mu Ara c 1. 13.9656 No 0. 0. nonperformer: pointing temporarily disallowed
47 UMa c 1. 13.7373 Yes 1. 0.0727944 modest performer

HD 134987 c 0. 66.2708 Yes 0. 0. nonperformer: always too faint
55 Cnc d 0.6728 29.5255 Yes 0.6728 0.0227871 modest performer
GJ 179 b 0.2898 23557.5 No 0. 0. nonperformer: pointing permanently disallowed

HD 87883 b 0.28 212.893 No 0. 0. weak performer
HD 190360 b 0.1585 25.6102 Yes 0.1585 0.00618893 weak performer
upsilon And d 0. 5.89455 Yes 0. 0. nonperformer: totally obscured



Example of a particular DRM
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The purpose of the tables and figures in the remainder of this report is to document our 
results in sufficient detail to allow others to validate our analysis. 
 
 
 
 
 

 
 
 
Table 3. Typical DRM, in this case the 35th DRM out of 100 computed for case #3. The 
merit function, used for selecting the next observation, is the information rate, which is 
completeness divided by exposure time. The “single-visit photometric and obscurational 
completeness” (SVP&OC) was computed by Monte Carlo experimentation, such as 
described in Brown (2004, ApJ 624, 1010). The details on the 4th line in this DRM—a 
limiting characterization observation (LCO) of 14 Her b starting on JD 2459039.082—
are provided in Figure 1 and Tables 4 and 5. 
  

planet exp start exp stop exp time completeness
merit
function

cumulative
exposure
time

cumulative
completeness

running
merit

1 47 UMa c 2458982.631 2458989.180 6.549 1.000 0.153 6.549 1.000 0.153
2 mu Ara c 2458989.180 2458995.834 6.654 1.000 0.150 13.203 2.000 0.151
3 55 Cnc d 2458995.834 2459009.442 13.608 1.000 0.073 26.810 3.000 0.112
4 14 Her b 2459009.442 2459037.639 28.197 0.841 0.030 55.008 3.841 0.070
5 epsilon Eri b 2459037.639 2459039.082 1.443 1.000 0.693 56.451 4.841 0.086
6 HD 154345 b 2459039.082 2459078.702 39.620 1.000 0.025 96.071 5.841 0.061
7 HD 39091 b 2459078.702 2459091.587 12.885 0.078 0.006 108.956 5.918 0.054
8 HD 217107 c 2459091.587 2459110.978 19.391 0.043 0.002 128.347 5.961 0.046
9 GJ 832 b 2459110.978 2459183.211 72.233 0.134 0.002 200.580 6.095 0.030
10 upsilon And d 2459373.211 2459376.089 2.878 0.020 0.007 203.458 6.115 0.030
11 HD 190360 b 2459666.089 2459677.977 11.888 0.004 0.000 215.346 6.120 0.028
12 HD 134987 c 2459697.977 2459727.134 29.157 0.000 0.000 244.502 6.120 0.025
13 HD 87883 b 2459847.134 2459934.153 87.019 0.034 0.000 331.521 6.153 0.019

Credit: Bob Brown



DRM sumary results

• Table shows the science metric (i.e. expected number of planets 
characterized) for different efficiency (h) and resolution (R) and IWA

• Shows evolution as a function of total exposure time for this activity 
to observe known RV planets

• Result averaged from 100 DRMs computed for each combination of 
parameters (IWA, throughput, resolution)

• science metric for an actual DRM is smaller than maximum metric
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Science Metric Report 
Robert A. Brown 
November 30, 2013 
 
This report uses a science metric to estimate the benefits of the AFTA/WFIRST program 
for characterizing known RV exoplanets. The metric, N, is the estimated number of 
planets successfully characterized by the mission. Table 1 gives N for the eight cases of 
parametric variations given in Table 2, and for exposure time allocations of 50, 100, 200, 
and 400 days. 
 

 
 
Table 1. Weighted-mean estimates of N. Each value of N is based on 100 DRMs 
computed for each case of parameters (see Table 2). Each of 800 DRMs in this study 
produced a discrete probability distribution function (PDF) for N, using the algorithm in 
§4.1 of Brown & Soummer (2010, ApJ 715, 122). The expectation value of N was 
produced from the median PDF appropriately truncated for the exposure-time allocation 
and renormalized to unity. The input catalogs of RV planets for the IWA = 0.200 arcsec 
and 0.274 arcsec included 18 and 9 RV planets, respectively—all the planets satisfying 
the criterion a(1+ ε)/d ≥ IWA, where a = semimajor axis, ε = eccentricity, and d= stellar 
distance. (If ε ≠ 0,  the expression a(1+ ε)/d overestimates the maximum apparent 
separation between star and planet.) 
 
 

case IWA (arcsec) h (efficiency) R (resolution) comment 
1 0.200 0.3 20 original, 3λ/D 
2 0.200 0.05 20 ...low h 
3 0.200 0.3 50 ...high R 
4 0.200 0.05 50 ...low h, high R 
5 0.274 0.3 20 new, 4λ/D 
6 0.274 0.05 20 ...low h 
7 0.274 0.3 50 ...high R 
8 0.274 0.05 50 ...low h, high R 

 
Table 2. Eight cases of three design parameters for AFTA/WFIRST, which we explored 
for their effects on N: end-to-end efficiency (h), resolving power (R), and inner working 
angle (IWA). Photometry is in I band. For the other, fixed parameters, see Tables 4 and 5. 
We calculated 100 DRMs for each case. Each DRM started at a random time within 6 
months centered on 1 January 2020. 

IWA 0.200" 0.274"
h 0.05 0.03 0.05 0.03
R 20 50 20 50 20 50 20 50

50 d 2.50 1.00 4.78 3.64 2.00 1.00 2.74 2.42
100 d 3.63 2.00 6.00 4.84 2.45 2.00 2.74 2.71
200 d 4.75 3.00 6.04 5.73 2.45 2.49 2.74 2.71
400 d 5.48 3.76 6.04 6.18 2.62 2.49 2.74 2.71
case 2 4 1 3 6 8 5 7

0.3 0.3

Credit: Bob Brown



DRM results with cumulative exp time
• All DRMs run out of 

planets, not time 
(except case #4: 
3lambda/D IWA, R=50, 
5% efficiency)

• main effect of “h” or “R” 
is to move the DRM to 
the right, i.e. increase all 
exposure times

• IWA here has a factor of 
two impact on DRM
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Table 1. Parameter sets for eight DRMs to study parametric variations of AFTA’s 
scientific merit. Photometry in I band. For adopted values of other parameters, see recent 
work; they are unchanged.. 
 
case number IWA (arcsec) h (efficiency) R (resolution) Comment 
1 0.200 0.3 20 original, 3λ/D 
2 0.200 0.05 20 ...low h 
3 0.200 0.3 50 ...high R 
4 0.200 0.05 50 ...low h, high R 
5 0.274 0.3 20 new, 4λ/D 
6 0.274 0.05 20 ...low h 
7 0.274 0.3 50 ...high R 
8 0.274 0.05 50 ...low h, high R 
 
 
 

 
Figure 1. Median DRM results for the parameter cases in Table 1. In this space, a point 
on any curve marks the cumulative completeness achieved by the cumulative exposure 
time up to that point. Proceeding left to right, the red dots show the status after each 
observation in case #2. The local slope of the curve out of a red point is the merit 
function of the next observation. The terminal value of cumulative completeness 
estimates number of exoplanets characterized during the mission. 
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Table 1. Parameter sets for eight DRMs to study parametric variations of AFTA’s 
scientific merit. Photometry in I band. For adopted values of other parameters, see recent 
work; they are unchanged.. 
 
case number IWA (arcsec) h (efficiency) R (resolution) Comment 
1 0.200 0.3 20 original, 3λ/D 
2 0.200 0.05 20 ...low h 
3 0.200 0.3 50 ...high R 
4 0.200 0.05 50 ...low h, high R 
5 0.274 0.3 20 new, 4λ/D 
6 0.274 0.05 20 ...low h 
7 0.274 0.3 50 ...high R 
8 0.274 0.05 50 ...low h, high R 
 
 
 

 
Figure 1. Median DRM results for the parameter cases in Table 1. In this space, a point 
on any curve marks the cumulative completeness achieved by the cumulative exposure 
time up to that point. Proceeding left to right, the red dots show the status after each 
observation in case #2. The local slope of the curve out of a red point is the merit 
function of the next observation. The terminal value of cumulative completeness 
estimates number of exoplanets characterized during the mission. 
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Credit: Bob Brown



Target list
• 15 RV planets with a(1+e)/d<IWA 
‣ few more ~20 targets if a little less strict (0.19 arcsec)
‣ however vanishing small increases in completeness
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Table 1. The input catalog of RV exoplanets. 
 

 
 
 
Notes: The stellar magnitudes (mags) are in I band, d is the stellar distance in parsec, a is 
the semimajor axis in AU, T is the period in days, ε is the eccentricity, ω is the argument 
of periapsis, and T0 is the Julian date of a periapsis minus 2,447,000. 
 
 
Table 2. Exposure time τ in days. 
 

 
 

 
 
 

mag d a T e w T0 aH1+eLêd
epsilon Eri b* 2.78 3.22 3.38 2500. 0.25 6. 1940. 1.312
47 UMa c* 4.34 14.06 3.57 2391. 0.10 295. 5441. 0.279
mu Ara c* 4.35 15.51 5.34 4206. 0.10 58. 5955. 0.378
55 Cnc d* 5.03 12.34 5.47 4909. 0.02 254. 6490. 0.452
upsilon And d 3.51 13.49 2.52 1278. 0.27 270. 6938. 0.237
14 Her b 5.68 17.57 2.93 1773. 0.37 23. 4373. 0.229
HD 154345 b 5.96 18.59 4.21 3342. 0.04 68. 5831. 0.237
HD 39091 b* 4.98 18.32 3.35 2151. 0.64 330. 820. 0.300
HD 190360 b* 4.91 15.86 3.97 2915. 0.31 13. 6542. 0.329
HD 87883 b* 6.57 18.21 3.58 2754. 0.53 291. 4139. 0.301
GJ 832 b* 6.43 4.95 3.40 3416. 0.12 304. 4211. 0.769
HD 217107 c* 5.35 19.86 5.33 4270. 0.52 199. 4106. 0.408
HD 134987 c 5.71 26.21 5.83 5000. 0.12 195. 4100. 0.249
GJ 849 b 8.19 9.10 2.35 1882. 0.04 355. 4488. 0.269
GJ 179 b 9.40 12.29 2.41 2288. 0.21 153. 8140. 0.238

h 0.30 0.05
R 20 50 20 50

epsilon Eri b 0.57 1.44 3.53 9.21
47 UMa c 2.54 6.55 16.79 48.89
mu Ara c 2.58 6.65 17.07 49.79
55 Cnc d 5.17 13.61 36.54 116.29
upsilon And d 1.13 2.88 7.14 19.34
14 Her b 10.37 28.20 80.37 282.50
HD 154345 b 14.33 39.62 116.40 428.04
HD 39091 b 4.90 12.89 34.46 108.89
HD 190360 b 4.54 11.89 31.61 98.84
HD 87883 b 30.14 87.02 274.12 1104.95
GJ 832 b 25.28 72.23 223.92 884.87
HD 217107 c 7.26 19.39 53.53 178.76
HD 134987 c 10.71 29.16 83.34 294.30
GJ 849 b 316.21 1021.54 3745.44 17680.52
GJ 179 b 2425.58 8207.00 31697.84 156394.22

Credit: Bob Brown



RV completeness for nearby stars

• RV census of nearby Sun-like stars is fairly complete for giant 
planets in <5.5 year orbit

• Out of the 54 stars within 5pc 
‣ 9/54 = 17% have at least one planet
‣ 7/36 = 19% of F5-M5 stars have at least one planet
‣ 6/36 = 17% of F5-M5 stars have at least one giant planet
‣ 5/36 = 14% of F5-M5 stars have at least one giant planet in a <5.5 yr 

orbit

• Consistent with Cummings et al. (2008) 
‣ 10.5% of Sun-like stars (F5-M5, but mostly G and K) host a giant 

planet with <5.5 yr orbit
‣ 17-20% have a giant planet within 20 AU

• RV surveys for nearby M stars is quite incomplete (however not 
typically good targets for direct imaging with small telescope (faint)
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Discussion

• How can we improve the target list? 
‣ Increase RV surveys for large separation planets with low-cadence 

monitoring of direct imaging targets (unfunded effort at the moment)
‣ Increase RV for earlier types e.g. A stars? 

• What optimal science program (e.g. combination of broadband 
exposures to determine the inclination first, then proceed to 
spectroscopy) 
‣ operational impact : what maximum bandpass in a single snapshot 

with coronagraph?

• Proceed to a planet survey in larger bandpass R~10? around bright 
targets (shorter exposure time, unknown planets) to be evaluated

• Other areas / suggestions where we can improve this DRM result?
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• Please join SAG9 (email soummer@stsci.edu)

• Topics of interest for SAG9
‣ Radial Velocity Complementarity with imaging
‣ Overlap of Probes/AFTA with JWST and Ground-based Imaging
‣ Cross-Validation of Design Reference Missions

• Tentative Schedule: final report in the May-June time frame
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